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Arabidopsis protein L-ISOASPARTYL METHYLTRANSFERASE
repairs isoaspartyl damage to antioxidant enzymes and
increases heat and oxidative stress tolerance
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Stressful environments accelerate the formation of isoaspar-
tyl (isoAsp) residues in proteins, which detrimentally affect
protein structure and function. The enzyme PROTEIN L-
ISOASPARTYL METHYLTRANSFERASE (PIMT) repairs other
proteins by reverting deleterious isoAsp residues to functional
aspartyl residues. PIMT function previously has been elucidated
in seeds, but its role in plant survival under stress conditions
remains undefined. Herein, we used molecular, biochemical,
and genetic approaches, including protein overexpression and
knockdown experiments, in Arabidopsis to investigate the role
of PIMTs in plant growth and survival during heat and oxidative
stresses. We demonstrate that these stresses increase isoAsp
accumulation in plant proteins, that PIMT activity is essential
for restricting isoAsp accumulation, and that both PIMT1 and
PIMT2 play an important role in this restriction and Arabidop-
sis growth and survival. Moreover, we show that PIMT improves
stress tolerance by facilitating efficient reactive oxygen species
(ROS) scavenging by protecting the functionality of antioxidant
enzymes from isoAsp-mediated damage during stress. Specifi-
cally, biochemical and MS/MS analyses revealed that antioxi-
dant enzymes acquire deleterious isoAsp residues during stress,
which adversely affect their catalytic activities, and that PIMT
repairs the isoAsp residues and thereby restores antioxidant
enzyme function. Collectively, our results suggest that the
PIMT-mediated protein repair system is an integral part of the
stress-tolerance mechanism in plants, in which PIMTs protect
antioxidant enzymes that maintain proper ROS homeostasis
against isoAsp-mediated damage in stressful environments.

The survival of plants under various abiotic stress conditions
is largely determined by their ability to maintain the structural
and functional integrity of proteins because these stresses can
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have devastating effects on protein structure and biological
function. Under these stressful environments, various sponta-
neous covalent modifications are known to occur in proteins,
which often detrimentally affects their structure and function
(1). One of these modifications includes the formation of
abnormal isoaspartyl (isoAsp)* residues that arise spontane-
ously in proteins from either the isomerization of aspartyl res-
idues or the deamidation of asparaginyl residues (2). The for-
mation of such isoAsp residues in the polypeptide backbone
can disrupt the local secondary structure, thus compromising
biological function of the proteins. Nevertheless, organisms
have evolved a mechanism for the detection and repair of such
isoAsp-mediated protein damage by employing an enzyme
called PROTEIN L-ISOASPARTYL METHYLTRANSFERASE
(PIMT, EC 2.1.1.77). PIMT repairs this damage by catalyzing
the conversion of abnormal isoaspartyl residues to their nor-
mal aspartyl residues through an S-adenosyl-L-methionine
(AdoMet)-dependent methyl esterification reaction (3-5).
PIMT is a well-conserved enzyme in nature and is found in
organisms across nearly all phylogenetic domains of life. A
number of studies in microbial and mammalian systems have
demonstrated its in vivo function as an essential intracellular
protein-repairing enzyme and also its contribution in enhanc-
ing life span and survivability under stress conditions (6 —10).
Even though PIMT has been well-characterized in microbes
and animals, such studies are rather limited in plants. So far, the
deleterious effect of isoAsp and the physiological significance of
PIMT in plants have been elucidated only in seeds. Unlike
microbes and animals, PIMT enzymes are encoded by two
genes (PIMT1 and PIMT2) in plants, and both the genes were
shown to be involved in maintaining seed vigor and longevity
(11-15). Apart from seeds, considerable PIMT activity was also
reported in the vegetative organs of several plant species. Fur-
thermore, a comparatively low level of PIMT activity in seed-
lings of Triticum aestivum (wheat) and Cicer arietinum (chick-
pea) was shown to be significantly increased in response to

“The abbreviations used are: isoAsp, isoaspartyl; PIMT, PROTEIN (-
ISOASPARTYL METHYLTRANSFERASE; ROS, reactive oxygen species; SOD,
superoxide dismutase; MDA, malondialdehyde; CAT, catalase; AdoMet, S-ad-
enosyl-L-methionine; DAB, 3,3'-diaminobenzidine; OE, overexpression; NBT,
or nitro blue tetrazolium; CBB, Coomassie Brilliant Blue; ESI, electrospray ioni-
zation; gRT-PCR, quantitative real-time PCR; XTT, {3'-[1-[(phenylamino)-car-
bonyl]-3, 4-tetrazolium]-bis(4-methoxy-6-nitro)benzene-sulfonic acid}; FDR,
false discovery rate; PVP, polyvinylpyrrolidone; DMRT, Duncan’s multiple
range test.
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PIMT plays a key role in plant stress tolerance

various abiotic stresses (16 —18). Despite the demonstrated up-
regulation of PIMT activity in several plant species, the involve-
ment of PIMT in abiotic stress tolerance has not yet been prop-
erly explored. Furthermore, isoAsp-mediated protein damage
and its possible adverse effects on plant growth and survival
during abiotic stresses remain elusive. Thus, it is important to
study how this protein-repairing enzyme PIMT contributes to
the plant’s survival under stressful environments.

In this study, we have elucidated the role and contribution of
PIMT in plant’s survival under stressful environments. We pro-
vide evidence that isoAsp accumulation in proteins is signifi-
cantly increased in plants during the heat and oxidative
stresses. We have shown that increased PIMT activity is impor-
tant in restricting stress-induced isoAsp-mediated protein
damage in plants. To further assess the role of PIMT in plant
survivability under stress conditions, overexpression and RNAi
lines of PIMT1 and PIMT2 in Arabidopsis were generated and
characterized. We have demonstrated a strong correlation of
increased PIMT activity with increased tolerance to heat and
oxidative stresses, and increased isoAsp accumulation with
compromised stress tolerance. Analyses further demonstrate
that the PIMT-mediated protein repair system is critical in
maintaining ROS homeostasis apparently by protecting the cat-
alytic efficiency of antioxidant enzymes that are otherwise
affected by stress-induced isoAsp formation. We provide clear
evidence that superoxide dismutase (SOD) and catalase (CAT)
enzymes are susceptible to isoAsp formation under stressful
conditions impeding their function, and PIMT repairs such
isoAsp residues in these antioxidant enzymes and restores their
biological function. Thus, PIMT forms the first tier of protec-
tion shielding a second tier of protective proteins from dysfunc-
tion, allowing them to provide protection against diverse
stresses.

Results

Heat and oxidative stresses induce isoAsp accumulation in
proteins in Arabidopsis

As a first step toward understanding the importance of the
PIMT activity in plant stress tolerance, we surveyed isoAsp
accumulation in proteins at the seedling and mature plant stage
of Arabidopsis under standard growth conditions as well as
under heat and oxidative stresses. Total isoAsp accumulation in
proteins was determined following the standard protocol used
in previous studies (12, 14, 15, 19). Under standard growth con-
ditions, isoAsp content in 14-day-old seedlings was detected
only at low levels, and under heat and oxidative stress condi-
tions, isoAsp content progressively increased, albeit at varying
levels, with increasing duration of the stress treatments (Fig.
la). More than 2.2-fold increases in isoAsp content were
observed as early as 6 h after these stress treatments (Fig. 1a).
Next, to examine whether stress-induced isoAsp accumulation
also occurs at the mature stage of Arabidopsis, isoAsp accumu-
lation was also quantified in 4-week-old plants. Like seedlings,
significantly increased isoAsp accumulation was also observed
in mature plants following the exposure of heat and oxidative
stresses (Fig. 10). These results indicate that isoAsp formation
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in proteins is accelerated under heat and oxidative stresses at
both the seedling stage as well as the mature stage in plants.

PIMT activity is up-regulated as a result of transcriptional
induction of PIMT genes in response to heat and oxidative
stresses in Arabidopsis

PIMT genes were previously shown to be induced by various
abiotic stress conditions in several plant species, including Ara-
bidopsis (13, 17-19). To further extend and corroborate these
analyses, PIMT activity was analyzed in 14-day-old Arabidopsis
seedlings following exposure to heat and oxidative stresses.
Results showed that the PIMT activity, which was apparently
very low in normally grown seedlings, has progressively
increased following exposure to heat and oxidative stresses (Fig.
1¢). Significant up-regulation of PIMT activity was seen as early
as 1 h of exposure to paraquat treatment, while marked up-reg-
ulation of PIMT activity was observed only after 3 h of heat
treatment. PIMT activity was also analyzed in 4-week-old
mature plants following exposure to heat and oxidative stresses.
As shown in Fig. 1d, PIMT activity in mature plants was also
significantly increased following exposure to heat and oxidative
stresses (Fig. 1d). Furthermore, to analyze whether up-regula-
tion of PIMT activity in response to stress is due to transcrip-
tional induction of PIMT genes, PIMT1 and PIMT?2 transcript
accumulation was analyzed in seedlings exposed to heat and
oxidative stresses by quantitative real time PCR (qRT-PCR).
Our results showed that heat and oxidative stress treatments
strongly induced AtPIMT1 and AtPIMT?2 transcript expression
(Fig. 1e and Fig. S1). Consistent with previous studies (13, 14),
AtPIMT2 was found to be more responsive toward abiotic
stresses than AtPIMT1I (Fig. le). These data indicate that the
low level of PIMT activity in seedlings or mature plants is up-
regulated in response to heat and oxidative stresses, possibly to
meet increased isoAsp repairing demands during stressful
environments.

Arabidopsis transgenic lines constitutively overexpressing
AtPIMT1 or AtPIMT2 exhibits increased tolerance to heat and
oxidative stresses

To establish the potential role of PIMTs in plant stress toler-
ance, we generated Arabidopsis transgenic lines overexpressing
either AtPIMT1 or AtPIMT2. Overexpression of AtPIMT1 and
AtPIMT2 was confirmed by qRT-PCR in several independent
homozygous transgenic lines in the T3 generation (Fig. S2).
Thereafter, growth responses of these PIMT-overexpressing
and WT plants were assessed under standard growth condi-
tions as well as under heat and oxidative stresses. No significant
differences in seedling growth or biomass were observed
among AtPIMT1I- and AtPIMT2-overexpressing and WT seed-
lings under normal standard growth conditions (Fig. 2, a—c,
and Fig. S5). However, marked differences in seedling growth
and tolerance to stress were observed among PIMT overex-
pressing and WT seedlings under heat and oxidative stresses.
AtPIMTI- and AtPIMT2- overexpressing seedlings showed
enhanced tolerance to heat and oxidative stresses and were
superior in mitigating the adverse effects imposed by these abi-
otic stress conditions than the WT seedlings. To obtain further
evidence, we measured root growth, total biomass, and chloro-
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Figure 1.isoAsp accumulation and PIMT activity in response to heat and oxidative stresses in Arabidopsis. a and b, isoAsp accumulation was estimated
in the following: g, 14-day-old seedlings (in increasing time points (0-24 h) of stress exposure); b, 4-week-old mature plant grown under control and 24 h of heat
and oxidative stress. c and d, PIMT activity was determined in 14-day-old seedlings (in increasing time points (0-24 h) of stress exposure) (c); and 4-week-old
mature plants grown under control, heat, and oxidative stress (24 h) (d). Fourteen-day-old seedlings and mature plants were subjected to oxidative stress
(seedlings, 1T um paraquat; mature plants, 10 um paraquat with 0.05% Triton X-100) and heat stress (37 °C) followed by extraction of total proteins. isoAsp
content and PIMT activity were determined using 50 ug of crude protein extract from seedlings and mature plants. e, gRT-PCR analysis showing relative
transcript accumulation of AtPIMT1 and AtPIMT2 in 14-day-old seedlings grown under control, heat, and oxidative stress for 12 h. The relative expression value
of each gene was normalized with endogenous control actin and calculated using the AACT method (Applied Biosystems). Data are means = S.E. of four
biological replicates. Significant differences among means (« = 0.01) are denoted by the different letters. For a and ¢, oxidative stress is in lowercase letters, and
heat stress is in uppercase letters. For e, PIMTT1 is in lowercase letters and PIMT2 is in uppercase letters.

phyll content. As shown in Fig. 2, b—d, under heat and oxidative  under standard growth conditions as well as under heat and

stresses conditions, AtPIMTI- and AtPIMT2-overexpressing
seedlings showed greater biomass, root growth, and chloro-
phyll content than the WT seedlings (Fig. 2, a—d). Overall,
PIMT-overexpressing seedlings showed better growth re-
sponse and increased tolerance to heat and oxidative stresses
compared with the WT seedlings (Fig. 2, a—c). We have also
assessed the growth pattern of soil-grown mature plants of
AtPIMTI- and AtPIMT2-overexpressing and the WT plants
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oxidative stress conditions. To get conclusive evidence, we mea-
sured several growth parameters such as plant height, rosette
diameter, leaf chlorophyll content, and numbers of siliques of
these plants. Under standard growth conditions, both
AtPIMTI- and AtPIMT2-overexpressing plants and the WT
plants showed a reasonably similar growth phenotype, except
increased rosette diameter and slightly greater numbers of
siliques in PIMT-overexpressing plants. However, under heat
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and oxidative stress conditions, striking differences in both veg-
etative and reproductive growth was observed between PIMT-
overexpressing and WT plants. Under heat and oxidative stress
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conditions, both vegetative and reproductive growth of the WT
plants were drastically affected. Under these stress conditions,
particularly under oxidative stress, plant height and the number
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of siliques were drastically reduced. In contrast, the PIMT-
overexpressing plants remained reasonably healthy, and both
vegetative and reproductive growth were remarkably less
affected (Fig. 2, e~ i1, and Fig. S6). PIMT-overexpressing plants
retained greater chlorophyll content (Fig. S7) and produced a
significantly greater number of siliques than that of the WT
plants under heat and oxidative stress conditions (Fig. 2, e- k).
From the results of the above studies, it was evident that trans-
genic plants expressing either AtPIMTI1 or AtPIMT2 showed
increased stress tolerance and survived better than the WT
plants under heat and oxidative stress conditions.

Arabidopsis AtPIMT1 and AtPIMT2 RNAi lines are
hypersensitive to heat and oxidative stresses and are
associated with increased isoAsp accumulation

To further confirm the role of PIMTs in plant stress toler-
ance, we generated AtPIMT1 and AtPIMT2 intron-spliced
hairpin RNA interference (RNAI) lines in Arabidopsis using
unique sequences of AtPIMTI and AtPIMT2 as the targeted
interference region (Fig. S3). Several RNAI lines were success-
fully generated, and significantly decreased expression of
AtPIMT]I or AtPIMT?2 was observed in a number of respective
RNAI lines as compared with the WT plants (Fig. S4). Subse-
quently, the growth pattern of AtPIMT1 and AtPIMT2 RNAi
seedlings and WT control seedlings was evaluated under stan-
dard growth conditions as well as under heat and oxidative
stress conditions. AtPIMTI and AtPIMT2 RNAi seedlings
exhibited slightly reduced growth than the WT seedlings when
grown in standard growth condition (Fig. 3, a—d, and Fig. S5).
However, significant differences in growth responses were
observed between RNAiand WT seedlings under heat and oxi-
dative stresses (Fig. 3, a—d). All RNAI lines exhibited greater
sensitivity toward these stress treatments than the WT plants.
As expected, growth responses of WT seedlings with respect to
biomass, root elongation, and chlorophyll content were greatly
affected by high temperature and paraquat treatment. How-
ever, these adverse effects were more pronounced in PIMT
RNAi seedlings, as RNAi seedlings showed significantly
reduced biomass, root growth, and chlorophyll content than
the WT seedlings under these stress conditions (Fig. 3, a—d).
Growth responses of soil-grown mature plants of AtPIMTI,
AtPIMT2 RNAj, and the WT plants were also assessed. Under
standard growth conditions, AtPIMT1 and AtPIMT2 RNAi
lines and WT plants were visually somewhat similar, although
RNAI lines displayed slightly reduced growth patterns than the
WT plants. A¢tPIMT1 and AtPIM T2 RNAi lines showed a some-
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what reduced plant height, rosette diameter, and silique num-
bers compared with WT plants under standard growth condi-
tions. However, significant differences in growth responses
were observed under heat and oxidative stress conditions
between RNAi and the WT plants (Fig. 3, e-/, and Fig. S6).
AtPIMTI and AtPIMT2 RNAIi lines were hypersensitive to
these stress conditions and were much more severely affected.
Plant height, rosette diameter, number of siliques, and chloro-
phyll content of these RNAi lines were significantly more com-
promised than that of the WT plants when grown under heat
and oxidative stress conditions (Fig. 3, e- /1, and Figs. S6 and S7).
In the presence of oxidative stress, PIMT RNAI lines could
barely grow and were not able to produce any siliques.

To further establish the relationship among PIMT activities,
isoAsp accumulation, and stress tolerance, PIMT activity and
isoAsp accumulation were quantified in PIMT overexpression
and RNAi and WT plants with and without exposure to these
stress conditions. Upon imposing stress, elevated levels of
isoAsp content were observed in all genotypes; however, the
degree of elevation of isoAsp content significantly differed
among PIMT overexpression, RNAi and WT plants. AtPIMT1
or AtPIMT2 RNAi seedlings, which had reduced PIMT activity,
showed increased accumulation of isoAsp relative to the WT
plants. In contrast, AtPIMT1- and AtPIMT2-overexpressing
seedlings with increased PIMT activity had significantly
reduced isoAsp content much below that of the WT plants (Fig.
3, i and ). These results provide evidence that PIMT activity is
important to reduce stress-induced isoAsp accumulation,
which otherwise affects plant growth and development and sur-
vivability under stress conditions.

PIMT restricts ROS accumulation and lipid peroxidation during
heat and oxidative stresses, by protecting functionality of
antioxidant enzymes, and improves stress tolerance

ROS play a critical role in abiotic stress tolerance. ROS can
act as signaling molecules and is beneficial to plants; however, it
can also be detrimental to a cell at a high concentration (20). To
explore whether the stress tolerance phenotype of PIMT-over-
expressing lines and stress hypersensitivity of RNAi lines are
due to the alteration of ROS homeostasis, we examined ROS
(hydrogen peroxide (H,O,) and superoxide (O,)) accumulation
in AtPIMT-overexpressing, RNAi lines and the WT plants. To
measure changes in the levels of ROS, we first analyzed H,O,
and O; accumulation through DAB and NBT staining. The pat-
tern of DAB and NBT staining clearly revealed that stress-in-
duced accumulation of H,O, and O, was greatly reduced in

Figure 2. Overexpression (OE) of AtPIMT1 and AtPIMT2 improves tolerance to heat and oxidative stresses. g, phenotype of AtPIMT1 OE, AtPIMT2 OE, and
WT seedlings (10 days old) grown under control, heat, and oxidative stress conditions. Three representative independent lines of AtPIMT1 (line 1-3) and AtPIMT2
(lines 1, 2, and 5) are shown here. Transgenic lines with variable phenotype were purposely chosen here. Five-day-old Arabidopsis seedlings were transferred to
1/2MS plates subjected to oxidative (1 um paraquat) and heat stress (37 °C). The phenotype of WT and transgenic seedlings were monitored and photographed.
b, biomass accumulation of AtPIMT1 OE, AtPIMT2 OE, and WT seedlings under control, heat, and oxidative stress conditions. Fresh weight of seedlings was
measured 3 days post-treatments. The results are presented as total biomass of 20 seedlings. The values represent mean * S.E. (n = 3, 20 seedlings each). ¢,
chlorophyll content of AtPIMT1 OE, AtPIMT2 OE, and WT seedlings under normal, heat, and oxidative stress conditions. d, root elongation of AtPIMT1 OE, AtPIMT2
OE, and WT seedlings under normal, heat, and oxidative stress conditions. Elongation of root was determined by measuring root growth during the 24-h post
stress treatments using ImageJ software. The values are shown in box plots (n = 30). e, growth pattern of Arabidopsis mature plants overexpressing AtPIMT1,
AtPIMT2, and WT plants grown under normal, heat, and oxidative stress conditions. Four-week-old WT and transgenic plants were subjected to oxidative stress
(10 um paraquatand 0.05% Triton X-100) and heat stress (37 °C). Growth parameters are as follows: f, plant height; g, no. of siliques; and h, rosette diameter were
measured in AtPIMT1 OE, AtPIMT2 OE, and WT plants (WT) grown under control, heat, and oxidative stress conditions. The box plots represent values obtained
from 10 independent plants per line. Significant differences (« = 0.01) are denoted by different letters. Control is shown in lowercase letters, and oxidative stress
is in uppercase letters, and heat stress is in lowercase letters with a prime. Scale bar = 1 cm for aand e.
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AtPIMT-overexpressing lines relative to the WT plants. In con-
trast, RNAi lines accumulated significantly increased levels of
H,0, and O, than the WT plants under similar stress condi-
tions (Fig. 4, 2 and b, and Fig. S8a). These results were further
validated by the quantitative analysis of H,O, content in these
transgenic and WT plants (Fig. 4c and Fig. S8b). Subsequently,
malondialdehyde (MDA) content was also measured in PIMT
overexpression, RNAI lines, and WT. Like ROS, MDA content
was significantly increased in RNAi lines and markedly reduced
in overexpressing lines as compared with the WT plants under
heat and oxidative stress conditions (Fig. 4d and Fig. S8c¢). The
results of these experiments suggest that PIMT somehow plays
an important role in restricting ROS accumulation under
stressful environments. Considering the mode of action of
PIMT, it can be speculated that PIMT possibly prevents stress-
induced isoAsp-mediated damage of ROS-scavenging enzymes
and thereby maintains their functional competence for efficient
detoxification of ROS in plants under stressful conditions. To
test this hypothesis, we analyzed CAT and SOD activity in all
PIMT transgenic lines as well as in the WT plants. As expected,
CAT and SOD activities were up-regulated in all genotypes in
response to these stress conditions; however, the level of these
enzyme activities significantly differed among PIMT-overex-
pressing, RNAi and the WT plants. Significantly compromised
activities of CAT and SOD were observed in AtPIMTI1 and
AtPIMT2 RNAI lines, whereas enhanced CAT and SOD activ-
ities were seen in PIMT-overexpressing lines relative to that of
the WT plants, particularly under stressful environments (Fig.
4, e and f). These results suggest that PIMT plays an important
role in maintaining the functionality of antioxidant enzymes,
possibly by preventing them from isoAsp-mediated damage,
under stressful conditions, thereby preventing ROS accumula-
tion in plants during stressful environments. We also examined
NADPH oxidase activity in these transgenic and WT seedlings,
as this enzyme is considered to be the major source of ROS
generation. Under the control condition, all genotypes exhib-
ited similar NADPH oxidase activity. However, under heat
stress, AtPIMT RNAI lines displayed significantly increased
NADPH activity, whereas the AtPIMT OE lines showed
reduced NADPH activity compared with the WT (Fig. S9).
These results indicate that PIMT might be required to suppress
stress-induced NADPH activity, through an unidentified
mechanism, in order to maintain ROS homeostasis during

PIMT plays a key role in plant stress tolerance

stress. Overall, our results strongly suggest that PIMT plays an
important role in plant stress tolerance by maintaining ROS
homeostasis during stress.

CAT and SOD are susceptible to isoAsp accumulation upon
thermal insult

Reduction of catalytic efficiency of antioxidant enzymes in
AtPIMT RNAI lines raised an intriguing possibility that antiox-
idant enzymes are susceptible to isoAsp modification under
stressful environments. To verify this, we initially analyzed the
amino acid sequences of several CAT and SOD enzymes for
their potential aspartate (Asp) and asparagine (Asn) residues
that are susceptible to isoAsp formation. It has previously been
reported that Asp and Asn residues preceding glycine, serine,
and histidine are highly susceptible to isoAsp formation (1).
Sequence analysis of these enzymes revealed a few potential
Asp and Asn residues highly susceptible to isoAsp formation
(Fig. S10). To investigate whether these potential Asp and Asn
residues indeed undergo isoAsp formation during stressful
environments, representative CAT (AtCAT2 and AtCATS3)
and SOD (AtSOD1 and AtSOD2) enzymes were overexpressed
in Escherichia coli and subsequently purified to near-homoge-
neity through nickel-charged affinity chromatography (Fig. 5a).
These purified proteins were then subjected to thermal insult at
37 °C for increasing time periods (21). Subsequently, isoAsp
accumulation was determined in treated and untreated pro-
teins as described under “Experimental procedures.” Our
results demonstrated that isoAsp content in CAT and SOD
enzymes was significantly increased upon thermal insult as
compared with untreated proteins (Fig. 5, b—e). In the case of
CAT, significant accumulation of isoAsp was observed as early
as 2 h of treatment at 37 °C (Fig. 5, b and c), whereas SOD
enzyme showed a significant accumulation at 37 °C only after
8 h of treatment (Fig. 5, d and e).

To further confirm whether deamidation of Asn or isomer-
ization of Asp residues indeed occurs during stress to form
isoAsp, MS/MS analysis of these treated and untreated CAT
and SOD proteins was performed. The Asn/Asp residues sus-
ceptible to isoAsp formation were identified directly by com-
paring peptides from a tryptic digest of control and thermally
insulted CAT and SOD enzymes using the AB Sciex QTRAP
6500 system. Only sequences that yielded more than 50%
coverage with 99% confidence were considered for further

Figure 3. AtPIMT1 and AtPIMT2 RNA:i lines are hypersensitive to heat and oxidative stresses. a, phenotype of AtPIMT1 RNAI, AtPIMT2 RNAi, and WT
seedlings (10-day-old) under control, heat, and oxidative stress conditions. Three representative independent lines of AtPIMT1 RNAi (lines 3, 5, and 6) and
AtPIMT2 RNA. (lines 2, 5, and 6) are shown here. Five-day-old Arabidopsis seedlings were transferred to />2MS plates subjected to oxidative (1 um paraquat) and
heat stress (37 °C). The phenotype of WT and transgenic seedlings was monitored and photographed. Transgenic lines with variable phenotypes were
purposely shown here. b, biomass accumulation of AtPIMT1 RNAi, AtPIMT2 RNAi, and WT seedlings under control, heat, and oxidative stress conditions. Fresh
weight of seedlings was measured 3 days post-treatments. The results are presented as total biomass of 20 seedlings. The values represent mean = S.E. (n =
3, 20 seedlings each). ¢, chlorophyll content of AtPIMT1 RNAI, AtPIMT2 RNAi, and WT seedlings grown under control, oxidative, and heat stress. d, root
elongation of AtPIMT1 RNAi, AtPIMT2 RNAI, and WT seedlings grown under control, heat, and oxidative stress conditions. Elongation of root was determined by
measuring root growth during 24-h post-stress treatments using ImageJ software. The values are shown in box plots (n = 30). e, growth pattern of soil-grown
Arabidopsis mature plants of AtPIMT1 RNAi, AtPIMT2 RNAi, and WT under control, heat, and oxidative stress conditions. Four-week-old WT and transgenic plants
were subjected to oxidative stress (10 um paraquat and 0.05% Triton X-100) and heat stress (37 °C). Growth parameters are as follows: plant height (f), no. of
siliques (g); and rosette diameter (h) were measured of AtPIMT1 RNAi, AtPIMT2 RNAi, and WT plants grown under control, heat, and oxidative stress conditions.
The box plots represent values obtained from 10 independent plants per line. Significant differences (a = 0.01) are denoted by the different letters. (The RNAi
lines died at rosette stage after paraquat treatment. Therefore, plant height and no. of siliques in response to oxidative stress could not be measured).iand},
quantitation of PIMT activity (i) and isoAsp accumulation (j) in proteins extracted from seedlings grown under control, heat, and oxidative stress conditions.
Fifty micrograms of crude protein were used for isoAsp estimation and PIMT activity. Data are means = S.E. of four biological replicates. Significant differences
(a = 0.01) are denoted by the different letters. Control is shown in lowercase letters, oxidative stress in uppercase letters, and heat stress in lowercase letters with
aprime. Scale bar = 1 cm foraand e.
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Figure 5. CAT and SOD enzymes are susceptible to isoAsp accumulation upon thermal insult. g, 12% SDS-PAGE analysis of purified AtCAT2, AtCAT3,
AtSOD1, and AtSOD2 recombinant proteins. The gel was stained with CBB R-250. b- ¢, isoAsp accumulation in the following: AtCAT2 (b); AtCAT3 (c); AtSOD1 (d);
and AtSOD?2 (e) upon thermal insult. Thirty micrograms (1 wg/ul) of purified CAT2, CAT3, SOD1, and SOD2 proteins were thermally insulted at 37 °C for
increasing durations of time, and then isoAsp was quantified. Data represent means = S.E. of four repetitions. Significantly deviating means are denoted by
different letters (o« = 0.01).

analyses. All the selected peptides were 1% FDR-corrected.
Subsequent analysis showed that at least three Asn residues
(Asn'3, Asn?’, and Asn®°) of the CAT2 enzyme had undergone
deamidation after the thermal insult (Fig. 6), whereas only one
Asn residue (Asn®) was found deamidated without pre-expo-
sure to high temperature (Fig. S11 and Table S2). In the case of

CAT3, only one Asn (Asn*'") residue had undergone deamida-
tion after thermal insult. SOD1 showed deamidation only at
Asn'% after 24 h of heat treatment (Fig. 6). In the case of SOD2,
the sequences produced 40 —50% coverage with low confidence
(81.2% for control and 45.4% for treated protein) and showed
deamidation at Asn®°" (Fig. S12 and Table S2). These results

Figure 4. PIMT OE lines exhibit reduced accumulation of ROS and increased activity of antioxidant enzymes, and RNAIi lines exhibit increased
accumulation of ROS and reduced activity of antioxidant enzymes. a and b, comparison of temporal accumulation of H,0, (a) and superoxide radicals
(03) (b) in WT and transgenic AtPIMT1 OE, AtPIMT2 OE, AtPIMT1 RNAi, and AtPIMT2 RNAi seedling lines treated with heat or oxidative stress. Fourteen-day-old
seedlings were subjected to oxidative (1 um PQ) and heat stress (37 °C), and then DAB staining and or NBT staining was performed for in situ localization of H,0,
and superoxide anions (0O5), respectively. The presence of dark brown DAB precipitate or the blue formazan precipitate indicates higher H,0, and O}
accumulation, respectively. Scale bar = 0.5 cm for a and b. c-f, quantitative analysis of the following: H,0, accumulation (c); MDA accumulation (d); CAT activity
(e); and SOD activity (f) of WT, AtPIMT1 OE, AtPIMT2 OE, AtPIMT1 RNAi ,and AtPIMT2 RNAi seedlings grown in control conditions or treated with heat or oxidative
stress. These data represent means + S.E. of four biological replicates. Significantly deviating means are denoted by different letters (a« = 0.01). Control is shown
in lowercase letters, oxidative stress in uppercase letters, and heat stress in lowercase letters with a prime.
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suggest that antioxidant enzymes are indeed susceptible to
isoAsp formation during stressful environments.

Compromised catalytic activity of CAT and SOD due to isoAsp
accumulation is restored by PIMT

Based on the above results, it is apparent that isoAsp accu-
mulation in these antioxidant enzymes is accelerated upon
thermal insult. Next, to examine whether isoAsp formation
after thermal treatment has any effect on their catalytic activity,
enzymes were assessed for their activity before and after the
heat treatment. As shown in Fig. 7, b and ¢, and Fig. S13, enzyme
activities of both CATs and SODs were significantly affected
after thermal insult when isoAsp residues were formed. These
data suggest that the catalytic efficiency of the antioxidant
enzymes is greatly and negatively affected by the formation of
isoAsp upon thermal insult. To examine whether PIMT is capa-
ble of restricting isoAsp accumulation and restoring the activity
of these enzymes, we performed PIMT repair assays with ther-
mally insulted CAT and SOD proteins, and then isoAsp content
and catalytic activity were determined. For this purpose, bio-
chemically active PIMT (AtPIMT1) was overexpressed in
E. coli, purified to near-homogeneity, and subsequently used
for the in vitro protein repair assay (Fig. 7a). PIMT repair assay
was conducted with suitable concentrations of heat-treated
SOD and CAT substrates and PIMT enzyme protein. Following
PIMT repair assay, isoAsp accumulation and catalytic activity
of SOD and CAT enzymes were measured. Results showed that
the level of heat stress—induced accumulation of isoAsp in
these enzymes was significantly reduced when biochemically
active PIMT and AdoMet were present in the PIMT repair
reaction mix (Fig. 7, d and e). Similarly, the activity loss of CAT
and SOD due to thermal insult was partially restored only when
biochemically-active PIMT and AdoMet were present in the
reaction mix (Fig. 7, b and ¢). To further ascertain whether the
reduction of isoAsp content in these antioxidant proteins was
only due to PIMT activity, a biochemically inactive PIMT iso-
form (CaPIMT2') from chickpea (14) was similarly expressed,
purified, and subsequently used in the reaction mix (Fig. 7a).
Contrary to biochemically-active PIMT, isoAsp content in
SOD and CAT was found unchanged in the presence of bio-
chemically-inactive PIMT isoforms (CaPIMT2’) and AdoMet
(Fig. 7, d and e). Similarly, we did not observe any recovery of
the activity of antioxidant enzymes in the presence of biochem-
ically-inactive PIMT and AdoMet (Fig. 7, b and c). These results
strongly suggest that PIMT repairs isoAsp accumulation and
consequently restores the catalytic activity of the antioxidant
enzymes.

Next, to ascertain whether isoAsp formation in these
enzymes indeed occurs in planta during stressful situations and
whether PIMT repairs isoAsp and restores enzymatic activities

PIMT plays a key role in plant stress tolerance

in vivo, CAT3 and SODI were cloned into a binary expression
vector fused to the N-terminal HA tag. HA-tagged CAT3 and
SOD1 were then expressed alone or in combination with
AtPIMT1 through agroinfiltration in tobacco leaves. Immuno-
blot analyses were carried out to confirm the expression of
these proteins in respective agroinfiltrated leaves (Fig. 7). The
agroinfiltrated leaves, expressing either CAT3/SOD1 alone or
in combination with AtPIMT1, were subjected to heat stress at
37°C for 24 h or were grown normally. Subsequently,
HA-tagged CAT3 and SOD1 were immunoprecipitated with
anti-HA antibody from total proteins extracted from the
treated and untreated agroinfiltrated leaves. Subsequently,
isoAsp content in immunoprecipitated protein samples was
determined and compared. The isoAsp content in all immuno-
precipitated CAT and SOD protein samples extracted from
heat-treated agroinfiltrated leaves was significantly greater
than that of the untreated leaves, indicating that isoAsp forma-
tionin CAT and SOD proteins was accelerated upon heat stress
in vivo. However, the immunoprecipitated CAT and SOD pro-
teins exhibited a significantly reduced isoAsp level when co-ex-
pressed with AtPIMT1 than when expressed alone (Fig. 7, gand
h). These results strongly suggest that isoAsp indeed occurs in
CAT and SOD enzymes upon thermal stress in planta, and
PIMT restricts such isoAsp accumulation in these proteins (Fig.
7, g and k). In parallel, catalytic activities of these antioxidant
enzymes were also attempted in these immunoprecipitated
samples; however, immunoprecipitated CAT3 and SOD1 pro-
teins were found to be insufficient to obtain reliable enzyme
activity. Therefore, CAT and SOD activities were determined
in total proteins from the WT leaves and agroinfiltrated leaves.
As expected, total CAT or SOD activity was greater in the
respective agroinfiltrated leaves than in the WT leaves.
Increased SOD or CAT activity was also observed in heat-
treated WT and infiltrated leaves than the corresponding
untreated leaves, possibly because of stress-induced transcrip-
tional up-regulation of endogenous SOD and CAT. However,
the tobacco leaves co-expressing AtPIMT1 and CAT3 or SOD1
exhibited significantly greater CAT (Fig. 7i) or SOD activity
(Fig. 7)) in the respective agroinfiltrated leaves than the leaves
expressing either CAT3 or SOD1 alone. Total PIMT activity
was also measured in these agroinfiltrated and WT leaves.
Results showed increased PIMT activity in leaves co-expressing
PIMT and CAT3/SOD1 than control leaves or leaves express-
ing either CAT3 or SOD1 alone (Fig. S14). These results suggest
that PIMT protects antioxidant enzymes from heat stress—
induced isoAsp-mediated damage in plants.

Discussion

Plants have evolved several mechanisms to cope with stress-
ful environments, and in these tolerance mechanisms proteins

Figure 6. Identification of isoAsp formation sites in CAT and SOD enzymes. (a) ESI mass spectra of tryptic peptide YRPASSYNSPFFTTNSGAPVWNNNSSM-
TVGPR resulting from CAT2 incubated at 37 °C for 8 h. (b) Tryptic peptide VPTPTNSYTGIR resulting from CAT3 incubated at 37 °C for 8 h. (c) ESI mass spectra of
tryptic peptide FNGGGHVNHSIFWK resulting from SOD1 incubated at 37 °C for 24 h. The proteins were PAGE-purified and in-gel digested with trypsin, and the
resulting peptides were extracted and analyzed using the AB Sciex QTRAP 6500 Exion AD LC system (AB Sciex). The fragmentation occurs at peptide bonds to
generate b ions (N-terminal fragments) and y ions (C-terminal fragments) at specific m/z ratios and intensities that provide information regarding amino acid
sequence. Site(s) of deamidation are represented square brackets enclosing residue(s) of the peptide sequence [Dea]. Analysis of y and b ion fragmentation
patterns with Protein Pilot version 5.0.1 showed that Asn'3, Asn?’, and Asn?® in CAT2, Asn*'" in CAT3, and Asn'%? in SOD1 were deamidated. Detailed

information of peptides shown here is given in Table S2 and is highlighted.
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Figure 7. Compromised catalytic activity of CAT and SOD enzymes due to
isoAsp accumulation upon stress is restored by PIMT enzyme. g, 12%
SDS-PAGE analysis of purified AtPIMT1 (biochemically active) and CaPIMT2’
(biochemically inactive) recombinant proteins. The gel was stained with CBB
R-250. b and ¢, partial restoration of compromised activity of thermally
insulted as follows: CAT2 and CAT3 (b) and SOD1 and SOD2 enzymes by PIMT
(c).dand e, relative isoAsp content of thermally insulted as follows: CAT2 and
CAT3 (d) and SOD1 and SOD2 enzymes with and without repair (e). All purified
substrate proteins were thermally insulted at 37 °C for different time periods
(CAT2 and CAT3 for 4 h, and SOD1 and SOD2 for 24 h). Following heat treat-
ment, PIMT repair assay was carried out with heat-treated 10 um CAT and 20
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play an indispensable role. Starting from stress perception to
actuate various adaptive biochemical, molecular, and physio-
logical responses, a wide range of proteins, such as stress sen-
sors, transcription regulators, and enzymes, participate and
play a pivotal role during the whole protective process (22, 23).
However, proteins are often susceptible to a variety of reversi-
ble and irreversible damages, particularly in stressful environ-
ments, which negatively affect their functional competence (1).
Therefore, it is essential to keep these proteins unimpaired and
functionally competent under hostile stressful environments to
optimally perform their biological functions, which is likely to
be achieved by protein-repairing enzymes. PIMT, one of the
protein-repairing enzymes, repairs isoAsp-induced protein
damage in a cell. In this study, we have shown the detrimental
effects of stress induced isoAsp accumulation in protein func-
tions and the consequent adverse effect on plant growth and
survivability under heat and oxidative stress environments, and
the protective role of PIMT in mitigating such detrimental
effects. Analyses of isoAsp accumulation and PIMT activity
revealed that heat and oxidative stress induces isoAsp accumu-
lation in proteins not only at the seedling stage but also in the
mature stage of Arabidopsis, and increased PIMT activity is
apparently essential to meet the isoAsp repairing demands in
stressful environments. Our analyses further suggest that the
PIMT activity perhaps becomes limiting during the prolonged
exposure to stress, potentially due to a more rapid generation of
isoAsp residues than PIMT can repair. Previous studies have
also documented stress-induced up-regulation of PIMT activ-
ity in various plant species such as rice (Oryza sativa), wheat,
and chickpea (13, 18, 24). Furthermore, in agreement with pre-
vious studies, our results suggest that stress-induced up-regu-
lation of PIMT activity in plants is achieved by transcriptional
induction of both the PIMT-coding genes (PIMT1 and PIMT?2),
although PIMT2 is more responsive toward environmental
stresses (13, 14). Subsequently, by analyzing Arabidopsis
PIMT1 and PIMT2 overexpression and knockdown RNAi
lines, we demonstrated a correlation of increased PIMT activity
with increased tolerance to heat and oxidative stresses and
increased isoAsp accumulation with compromised stress toler-
ance. Arabidopsis plants overexpressing AtPIMT1 or AtPIMT?2
exhibit reduced accumulation of isoAsp and show improved

M SOD with (+) or without (—) biochemically active PIMT (30 um AtPIMT1),
biochemically inactive PIMT (30 um CaPIMT2’) (as negative control), and
AdoMet (10 um). Following the PIMT repair assay, enzyme activity and isoAsp
accumulation in these samples were determined. f—j, in vivo analyses of PIMT
repair of CAT and SOD proteins. Tobacco leaves were agroinfiltrated with CAT
and SOD alone or along with PIMT. f,immunoblot analyses of HA-tagged CAT
and SOD and PIMT proteins in agroinfiltrated and control leaves. Fifty micro-
grams of total protein of each sample were run in 12% SDS-PAGE and probed
with different antibodies (anti-HA, anti-PIMT, and anti-tubulin (loading con-
trol)). gand h, analysis of isoAsp accumulation inimmunoprecipitated CAT (g)
and SOD (h) proteins extracted from agroinfiltrated leaves with and without
heat stress. Immunoprecipitation was done using anti-HA antibody, and
isoAsp accumulation was estimated in immunoprecipitated proteins. i and j,
analysis of catalytic activity of CAT and SOD in control and respective agroin-
filtrated leaves subjected to heat stress and without stress. Fifty micrograms
of total proteins were used to determine the CAT and SOD activity. Data
represent means = S.E. of four biological repetitions. Significantly deviating
means are denoted by different letters (« = 0.01) as follows: b and d, CAT2 in
lowercase and CAT3 in uppercase; ¢ and e, SOD1 in lowercase and SOD2 in
uppercase; g and h, enzyme + PIMT in lowercase and enzyme only in upper-
case; and i and j, control in lowercase and heat stress in uppercase.
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tolerance and survivability to heat and oxidative stresses.
In contrast, Arabidopsis plants with significantly reduced
AtPIMTI or AtPIMT?2 are hypersensitive to heat and oxidative
stresses. In both AtPIMT1 and AtPIMT2 RNAI lines, isoAsp
residues in proteins are over-represented following stress treat-
ments. These data strongly suggest that isoAsp accumulation is
particularly detrimental for the growth and survival of plants
under stressful environments, and both PIMT1 and PIMT2
play important roles in restricting such stress-induced delete-
rious isoAsp accumulations in plants. The implication of both
PIMT1 and PIMT2 enzymes in plant stress tolerance can be
justified, as PIMT1 and PIMT2 localize in different subcellular
compartments to safeguard respective subcellular proteomes
from isoAsp-induced damage (13, 14, 25). Previously, increased
accumulation of isoAsp was also shown to be associated with
reduced survivability of PIMT-deficient prokaryotes and lower
eukaryotes under stressful conditions (6-8). Additionally,
overexpression of PIMT in E. coli and Drosophila melanogaster
resulted in high heat-shock survival and extended life span
under high-temperature conditions (9, 10). Taken together,
these studies strongly suggest that the protective role of PIMT
in stress adaptation is not only confined to microbes and ani-
mals but is also extended to higher plants. It has now become
clearly evident that PIMT protects the stability and functional-
ity of proteins by repairing isoAsp-induced protein damage
during stressful conditions and thereby improves tolerance and
survivability of organisms under stress conditions. However, to
get better insight, it is necessary to identify the PIMT target
proteins that are essentially affected by isoAsp modification
during stressful environments. So far, only a handful of PIMT
target proteins, such as HSP, LEA, and RNA helicase, important
for maintaining seed germination vigor and longevity, have
been identified in the seed proteome (21, 27). Here, we sought
to explore mechanisms by which PIMT functions to mediate
heat and oxidative stress tolerance in Arabidopsis. Contrasting
patterns of ROS accumulation in PIMT-overexpressing and
RNAI lines following exposure to heat and oxidative stress
offers a clear indication of the role of PIMT in maintaining ROS
homeostasis under stressful environments. Subsequently, com-
promised catalytic activities of SOD and CAT in PIMT RNAi
lines under stressful environments provide important evidence
to support the possibility of isoAsp-mediated damage of these
antioxidant enzymes and also the protective role of PIMT for
repairing such damage, during stressful environments. Our
results also indicate PIMT-mediated regulation of NADPH oxi-
dase for maintaining ROS homeostasis during stress. However,
a detailed study is required to understand how PIMT sup-
presses stress-induced up-regulation of NADPH oxidase activ-
ity. Subsequently, following a similar approach described by
Nayak et al. (27), we demonstrated that SOD and CAT activities
are indeed susceptible to isoAsp modification during stressful
environments. Through in vitro biochemical and MS/MS anal-
ysis we could identify the asparagine residues susceptible to
isoAsp formation in CAT and SOD enzymes during heat stress.
Further analysis of protein-repairing assays with SOD and CAT
revealed that compromised catalytic activity of CAT and SOD,
due to isoAsp accumulation upon heat stress, is not completely
but is significantly restored by PIMT. Previously, Nayak et al.
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(27) have shown through in vitro analysis that the RNA helicase
activity of PRH75, required for successful seed germination, is
compromised by stress-induced isoAsp, which is subsequently
repaired by PIMT (27). In addition to in vitro analyses, we
established the stress-induced isoAsp formation in SOD and
CAT enzymes and the role of PIMT in repairing such damage in
planta through agroinfiltration of SOD/CAT alone or with
PIMT in tobacco leaves. Overall, our results strongly suggest
that antioxidant enzymes are susceptible to isoAsp formation
in stressful environments, which compromises their catalytic
activity; however, PIMT restricts such damage and maintains
their functionality during stressful conditions. We suggest that
PIMT-mediated repair is a first tier of protection of the cell
against abiotic stress. PIMT protects the second-tier enzymes
such as CAT and SOD that, when functional, detoxify ROS. We
strongly believe that isoAsp-mediated protein damage is not
only restricted to antioxidant enzymes, but it may also occur in
several other proteins that particularly participate in stress-tol-
erance mechanisms, although further effort is clearly required
to identify more PIMT substrates to authenticate such assump-
tions. In conclusion, the PIMT-mediated protein repair system
is an integral part of the stress-tolerance mechanism in plants,
where PIMT plays a key role in protecting the integrity and
functionality of proteins, participating in ROS homeostasis,
from isoAsp-mediated damage under stressful environments.

Experimental procedures
Plant materials and growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) and Nicoti-
ana tabacum were used in this study and were grown and main-
tained in a plant growth facility maintained at 22 * 2 °C, Rela-
tive Humidity (RH) of 60% with a 16-h light (200 wumol m~>s~*
light intensity)/8-h dark cycle (28).

Plasmid construction and Arabidopsis transformation

For the generation of AtPIMT1 and AtPIMT2 overexpres-
sion lines, the coding sequences of AtPIMTI (At3¢48330) and
AtPIMT2 or PIMT2V (At5g50240) were amplified and cloned
into a plant expression-modified binary vector pCAM-
BIA2301. For the generation of AtPIMTI1 and AtPIMT2 RNAi
lines, a modified binary vector pPZP200lox (29) was used. Ini-
tially, an RNAI cassette was developed in pRT100-int vector
with a 35S promoter (29) where a unique fragment, 272 bp for
AtPIMT1 or 243 bp for AtPIM T2, was cloned in sense and anti-
sense orientations. The hairpin RNAi cassette for AtPIMT1 and
AtPIMT?2 thus created was excised and finally cloned into the
pPZP200lox binary vector (primers details are given in Table
S1). For transient expression of SOD1 and CATS3 in tobacco
leaves, the coding sequences of CAT3 (A£1g20620) and SOD1
(At3g10920) were amplified and cloned into pEG201-HA tag
vector. Transgenic Arabidopsis plants were obtained by Agro-
bacterium tumefaciens—mediated transformation using the flo-
ral dip method (30).

Stress treatments

To study the oxidative stress tolerance, 5-day-old seedlings
were transferred to %2MS agar medium supplemented with/

J. Biol. Chem. (2020) 295(3) 783-799 795


http://www.jbc.org/cgi/content/full/RA119.010779/DC1
http://www.jbc.org/cgi/content/full/RA119.010779/DC1

PIMT plays a key role in plant stress tolerance

without 1 um methyl viologen; for heat stress, 5-day-old seed-
lings grown vertically in /2MS agar medium were transferred to
37 °Cfor 12 h and then transferred back to normal growth con-
ditions. The growth response and stress survivability of these
seedlings were assessed for the next 3— 6 days. Root elongation
(average of 20 seedlings) of each transgenic and control lines
was analyzed using image analysis software Image]. To study
stress tolerance at the mature plant stage, 10-day-old seedlings
grown in »MS agar medium were transferred to pots and
grown under the standard conditions described above. Stress
treatments were administered to the plants according to Salvi et
al. (31). Growth parameters like rosette diameter, plant height,
and number of siliques per plant were also measured. For
growth parameters, 10 plants per line were taken. All the exper-
iments were repeated three times.

gRT-PCR

Total RNA was extracted from the Arabidopsis seedlings
using TRIzol reagent (Sigma), and qRT-PCR was done accord-
ing to Ref. 32.

PIMT activity and isoAsp quantification

Total crude protein was extracted from Arabidopsis seed-
lings or mature plants as described previously (14). PIMT activ-
ity was assayed using the vapor diffusion method (16, 18) that
involves the transfer of a radiolabeled methyl group from
[PH]AdoMet to an isoaspartyl-containing methyl-accepting
peptide (VYP-(L-isoD)-HA) (Peptron, Korea). The isoAsp con-
tent was measured using an ISOQUANT isoAsp detection kit
(Promega, Madison, WI) according to the kit’s protocol with
minor alterations as described previously (14, 15). Fifty micro-
grams of vacuum-dried protein samples were suspended in 20
wl of denaturing digestion buffer (50 mm Tris-Cl (pH 8.0), 8 m
urea, and 5 mM DTT). Next, 60 ul of 50 mm Tris-Cl (pH 8.0) was
added to dilute urea to 2 M, and then 10 ul of 0.025 ug ul ™!
trypsin was added to the reaction mix. The reaction mix was
then incubated at 37 °C for 2 h before 0.01 volume of protease
inhibitor was added to stop the proteolysis. The digested sam-
ple was then used for isoAsp detection. Next, methylation reac-
tion was performed for determining isoAsp content by setting
up a reaction mixture (25 ul) containing 5 ul of 5X reaction
buffer, 1 ul of radiolabeled [*H]AdoMet (370 GBq mmol *;
PerkinElmer Life Sciences), 5 ul of PIMT (supplied in kit), and
14 pl of trypsin-digested protein sample. Methylation assay was
also performed with isoAsp-DSIP (delta sleep-inducing pep-
tide) (25 pmol) as reference standard (supplied in the kit). A
blank reaction was performed in parallel without a protein sam-
ple. The reaction mixture was incubated at 30 °C for 30 min.
The tubes were further kept in ice for 15 min followed by 25 ul
of stop solution. The reaction mixture was absorbed onto a
cotton swab inserted into the tube containing the reaction mix-
ture and then placed inverted in a scintillation vial containing
15 ml of counting fluor (Sigma). Vials were left at 37 °C for 1 h.
Radioactivity was counted using a liquid scintillation counter.
Subsequently, isoAsp content in the sample (mg ™~ * protein) was
calculated by extrapolating the radioactivity of the known
isoAsp content of isoDSIP reference standard.
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Histochemical detection of ROS O and H,0,

For superoxide detection, NBT staining was carried out (33).
Fourteen-day-old seedlings of WT and transgenic lines were
stained in NBT (1 mg ml~* prepared in 10 mm phosphate buffer
(pH 7.8)) freshly-prepared in the dark for 18 h at 25 °C. For
H,0,, DAB staining was performed (34). Fourteen-day-old
seedlings or 4-week-old plant mature leaves of WT and trans-
genic lines were incubated in DAB solution (1 mg ml~" DAB in
Tris acetate buffer (pH 3.8)) freshly-prepared in the dark for
18 h at 25 °C. Stained samples were then bleached using a solu-
tion of ethanol/acetic acid/glycerol at a 3:1:1 ratio. Finally, pic-
tures of stained tissues were taken in the Nikon Stereozoom
microscope (Nikon, Tokyo, Japan).

Quantification of H,0, and MDA

To quantify MDA, the method of Heath and Packer (35) was
followed. One hundred milligrams of seedlings or leaf material
were ground to a fine powder in the presence of liquid nitrogen
and then homogenized with 2 ml of 0.25% (w/v) thiobarbituric
acid prepared in 10% (w/v) TCA. Homogenate was incubated at
95 °C for 30 min and then was kept in an ice bath for 10 min.
Homogenate was then centrifuged at 13,000 X g for 30 min.
The absorbance of the supernatant was measured at 532 and
600 nm. The nonspecific absorbance of the supernatant at 600
nm was deducted from the absorbance of 532 nm, and the dif-
ference was used to determine the concentration of MDA using
the extinction coefficient of 155 mM ™' cm ™.

H,O, was quantified following the method described by
Alexieva et al. (36). One hundred milligrams of seedlings or leaf
material were ground to a fine powder in the presence of liquid
nitrogen, and then the samples were homogenized in 2 ml of
0.1% TCA. Homogenate was centrifuged at 13,000 X g for 20
min at 4 °C. The supernatant was mixed with an equal volume
of 10 mm potassium phosphate buffer (pH 7.0) and a double
volume of 1 M potassium iodide and kept in the dark for 1 h at
room temperature. The absorption of the supernatant was mea-
sured at 390 nm. The amount of H,O, was calculated using a
standard curve prepared from known concentrations of H,O,.

Chlorophyll estimation

Total chlorophyll content in leaves was estimated according
to Breeze et al. (37). Chlorophyll in mature plant leaves was
extracted in 80% (v/v) acetone. The extracts were kept at
—20 °Cfor 1 hin the dark and then centrifuged at 12,800 X g for
3 min. The absorbances were measured at 663 and 646 nm.

CAT, SOD, and NADPH oxidase activity

CAT activity (38), SOD activity (33), and NADPH oxidase
activity (39) were analyzed in total protein extracts (5-50 ug)
from stressed and control seedlings. In the case of bacterially-
expressed purified proteins, 10 -20 ug of proteins were used in
the assay. For catalase activity, a 3-ml reaction mix contained 50
mM potassium phosphate buffer (pH 7.8), 3 mm H,O,, and 20 ul
of protein extract. The decomposition of H,O, by CAT was
monitored spectrophotometrically at 240 nm for 2 min at room
temperature. Catalase activity was calculated in katals accord-
ing to Weydert and Cullen (38).
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Superoxide dismutase activity was assayed by the photo-
chemical reduction of NBT. One hundred milligrams of tissues
were homogenized in 1 ml of extraction buffer consisting of 50
mM phosphate (pH 7.8), 1% (w/v) PVP, 0.1% (w/v) EDTA, 1%
Triton X-100. The 3-ml assay mixture contained 50 mm phos-
phate buffer (pH 7.8), 13 um L-methionine, 75 um NBT, 0.1 mm
EDTA, 2 um riboflavin, and 100 ul of protein extract. NBT was
added last to initiate the reaction mix and was incubated for 5
min at 25 °C. Absorbance was measured at 560 nm. One unit of
SOD activity is defined as the amount of enzyme causing 50%
inhibition of the NBT photoreduction rate.

NADPH activity was measured following the protocol
described by Kaundal ez 4l. (39). Fifty milligrams of tissues were
homogenized in 1 ml of protein extraction buffer (50 mm
HEPES buffer (pH 7.2), 0.25 M sucrose, 3 mm EDTA, 1 mm
dithiothreitol (DTT), 3.6 mm L-cysteine, 0.1 mm MgCl,, and
0.6% PVP with protease inhibitor mixture (Sigma)). The homo-
genate tissue was further filtered and centrifuged at 10,000 X g
for 45 min at 4 °C. Next, the supernatant was centrifuged at
203,000 X g for 60 min at 4 °C. Finally, the pellet was resus-
pended in 150 ul of ice-cold 10 mm Tris-Cl (pH 7.4) and was
used for the enzyme assay. NADPH oxidase activity was assayed
through reduction of {3'-[1-[(phenylamino)-carbonyl]-3, 4-
tetrazolium]-bis(4-methoxy-6-nitro)benzene-sulfonic acid}
(XTT). The assay reaction mixture contained 50 mm Tris-Cl
buffer (pH 7.5), 0.5 mm XTT, 0.1 mm NADPH, and 5 ug of
protein extract. The linear increase in absorption at 492 nm due
to the formation of a yellow formazan was followed for 60 min
or until a saturation point is reached at room temperature. Cal-
culation was done using an extinction coefficient of 21.6 mm ™!
cm™

Bacterial expression of CAT, SOD, and PIMT

The ¢cDNAs used for AtCAT2 (At4g35090), AtCAT3 (Atlg-
20620), AtSOD1 (At3g10920), AtSOD2 (At2¢28190), AtPIMT1
(At3g48330), and CaPIMT2' (JQ690077) were cloned into the
pET23b vector (Novagen, Madison, WI) and transformed into
E. coli BL-21(DE3) for expression. Recombinant proteins were
induced by 0.5 mm isopropyl 1-thio-B-p-galactopyranoside at
20 °C and were purified to homogeneity using nickel-nitrilotri-
acetic acid affinity chromatography (Qiagen).

Thermal stress treatment and restoration of activity by PIMT

Thirty micrograms (1 ug/ul) of purified recombinant CAT
and SOD proteins were separately incubated at 37 °C for 0, 2, 4,
or 8 h. In the control set, samples remained untreated. At each
time point, sample aliquots were analyzed for isoAsp content as
described above. As SOD enzymes did not show significant
accumulation of isoAsp before 8 h, treatment was therefore
increased up to 24 h. After heat treatment, for PIMT repair
assay, an initial range of heat-treated protein sample amounts
(substrate) (final concentration of 5-30 uM) was used to select
the most suitable concentration for consistent and reproduci-
ble results. Finally, 10 um CAT and 20 uM SOD proteins were
used in the respective PIMT repair reactions. The repair reac-
tion consisted of 30 um PIMT, 10 um AdoMet in 0.1 M HEPES
buffer (pH 7.5). Negative control experiments were also carried
out, where reaction sets received only AdoMet or inactive
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PIMT (CaPIMT2’) (Verma et al. (14)) and AdoMet. Aftera 1-h
incubation at 37 °C, isoAsp content and catalytic activities of
CAT and SOD were measured as described previously (33, 38).

Sample preparation and LC-MS/MS analysis

Twenty micrograms of treated and untreated purified pro-
tein samples were run on 12% SDS-PAGE. Protein bands were
then excised, and in-gel digestion was performed using trypsin
(Promega) as described previously (40). In short, bands were
initially destained and reduced with 10 mm DTT (1 h, 65 °C)
followed by alkylation with 50 mm iodoacetamide in the dark
for 30 min at room temperature. Next, in-gel trypsin digestion
was carried out for 16 h at 30 °C. Eluted proteins were collected
in a fresh tube, and trypsin digestion was terminated using 0.1%
(v/v) formic acid. Samples were then vacuum-dried and recon-
stituted in 0.1% formic acid before using for LC-MS/MS
analysis.

LC-MS/MS was performed on AB Sciex QTRAP 6500 Exion
AD LC system (AB Sciex) with an Acquity UPLC BEH C18
column (2.1 X 100 mm, 1.7 um, Waters) using Turbo Spray lon
Drive electrospray ionization (ESI) source. The peptide mixture
was fractionated by applying a linear gradient 5% acetonitrile
(0.1% formic acid) to 30% of acetonitrile (0.1% formic acid) at a
flow rate of 300 wl/min in a 32-min run. Spectra were acquired
at 3 Hz with a mass range of m/z 400 —1200 for mass spectrum
1 (MS1). The additional top three intense peaks were selected
for MS/MS analysis with a scan rate of 10,000 Da/s in positive
mode.

LC-MS/MS data were processed with Analyst 1.7 (AB Sciex)
using the paragon method of protein pilot version 5.0.1 (AB
Sciex), and peak lists were searched against 78,742 proteins of
the Uniprot Arabidopsis proteome database (UP000006548,
39,371 proteins, version May 22, 2019). Protein pilot was
searched with standard tryptic peptides with up to three
allowed miscleavages, which were further corrected by 1% FDR.
Cys-carbamidomethylation was set as fixed modifications, bio-
logical modifications, and amino acid substitutions as variable
modifications. Mass tolerance for precursor ions is set at 0.7 Da,
whereas mass tolerance for fragment ions is set at 0.6 Da. The
threshold score value for accepting individual spectra is set at
95% confidence level, and the unused score of 1.3 was used to
accept individual spectra.

Agroinfiltration, inmunoprecipitation, and immunoblotting

pEG201/CAT3-HA and pEG201/SOD1-HA constructs were
agroinfiltrated to 3-week-old tobacco leaves, as described pre-
viously (26). For immunoprecipitation, total proteins were
extracted, and crude proteins were incubated with pre-washed
anti-HA—- conjugated agarose beads for 4 h at 4 °C with gentle
shaking. The beads were collected by centrifugation and
washed three times with washing buffer (1X PBS and 0.05%
(v/v) Tween 20 (pH 7.5)). The protein was eluted in 50 mm
NaOH and neutralized in Tris-Cl (pH 9.0). The immunopre-
cipitated proteins were then used for further analysis.

Fifty micrograms of protein samples were separated by 12%
SDS-PAGE and then transferred onto a nitrocellulose mem-
brane. The membrane was then probed with suitable antibodies
(anti-HA, anti-PIMT, and anti-tubulin (loading control) fol-
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lowed by horseradish peroxidase—conjugated secondary anti-
body (GE Healthcare).

Statistical analysis

All data presented in this study were expressed as means *
S.E. The statistical analysis was performed by one-way analysis
of variance using SPSS software (SPSS, Chicago, IL). To check
the statistical significance, Duncan’s multiple range test
(DMRT) was done. Letters on the graph show the result of
DMRT (a = 0.01); different letter refers to significant differ-
ences between mean values. Additional details for the data are
given in the figure legends.
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